Cataracts are the major cause of blindness worldwide. Numerous factors have been implicated in the etiology of cataracts, including genetic factors, diabetes, smoking, nutrition, the cumulative effect of X-rays, UV irradiation, and alterations in both endocrine and enzymatic equilibria. [1] [2] [3] [4] [5] [6] Currently, reactive oxygen species (ROS) induced by UV in sunlight are considered to be important in perturbing lens homeostasis, and mitochondria generate most of the ROS in lens epithelium. 7) Exposure to ROS results in a breakdown of lens homeostasis, and the calcium ion (Ca 2ϩ ) content in the lens becomes elevated. In young rodent models, elevated Ca 2ϩ in the lens has been shown to activate calpain, a Ca 2ϩ -dependent protease. The increased degradation of lens proteins such as crystallin proteins leads to an opaque lens. 6, 8) Oxidation by ROS is a major factor in cataract development. [9] [10] [11] [12] [13] [14] Levels of the oxidant hydrogen peroxide (H 2 O 2 ) are elevated in both the vitreous and lens of cataractous patients as compared with persons without cataracts, 15, 16) and the oxidation by H 2 O 2 can cause epithelial cell death and lens opacification. 13, [17] [18] [19] [20] In addition, ROS, including H 2 O 2 , inhibit the function of the Ca 2ϩ -ATPase pump. [21] [22] [23] Our previous study showed that lipid peroxidation caused a decrease in Ca 2ϩ -ATPase activity in the lenses of Ihara cataract rats (ICR/f rat), 24, 25) and that the instillation of disulfiram, a dimer of the potent radical scavenger diethyldithiocarbamate (DDC), attenuates the increase in lipid peroxide (LPO) production, the decrease in Ca 2ϩ -ATPase activity, Ca 2ϩ enhancement, and opacification. 26) Therefore, it is very important to clarify the relationship among lens lipid peroxidation, Ca 2ϩ -ATPase activity and cataract formation in the ICR/f rats.
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In the present study, we investigated the effect of in vitro H 2 O 2 stimulation on LPO generation and the activities of sarco-/endoplasmic reticulum and plasma membrane Ca 2ϩ -ATPase (SERCA and PMCA) in the ICR/f rat lenses, and we perform a kinetic analysis using biological responses such as LPO content, SERCA and PMCA activities vs. H 2 O 2 concentration-profile curves.
MATERIALS AND METHODS

Animals and Reagents
The rats used were male Wistar rats (normal rats) and ICR/f rats bred in Meijo University (Aichi, Japan), housed under standard conditions (12 h/d fluorescent light (07:00-19:00), 25°C room temperature), and allowed free access to a commercial diet (CE-2, Clea Japan Inc., Tokyo, Japan) and water. For this study, 22-d-old ICR/f rats were used. All procedures were performed in accordance with the Kinki University School of Pharmacy Committee Rules for the Care and Use of Laboratory Animals and the Association for Research in Vision and Ophthalmology resolution on the use of animals in research. All chemicals used were of the highest purity commercially available.
In Vitro H 2 O 2 Stimulation Normal and ICR/f rats were euthanized with pentobarbital sodium (120 mg/kg intraperitoneally (i.p.)), and the lenses were removed and treated in vitro with 0-100 mM H 2 O 2 solutions prepared by diluting 30% H 2 O 2 solution (Wako Pure Chemical Industries, Ltd., Osaka, Japan) with isotonic saline. Individual removed lenses were soaked in 600 ml of H 2 O 2 solution (0-100 mM) with or without 2.2 mM Ca 2ϩ in 1.5 ml microtubes (Iwaki Corporation, Tokyo, Japan) for 1 h at 25°C. H 2 O 2 concentrations in solutions were determined according to Marian et al. 27) For treatment with DDC, the individual lenses were pretreated with isotonic saline containing 100 mM DDC for 15 min at 25°C in 1.5 ml microtubes, and then washed twice with isotonic saline.
Measurement of Lipid Peroxide Levels LPO levels was measured by an LPO Assay Kit (BIOXYTECH ® LPO-586 TM , OXIS International, Inc., Portland, OR, U.S.A.) according to the manufacturer's instructions. Briefly, the lenses were homogenized on ice, and phosphate buffer (20 mM, pH 7.4) and 10 ml of 0.5 M butylated hydroxytoluene in acetonitrile were added to each sample to prevent further tissue oxidation. The samples were centrifuged at 5800 rpm for 10 min at 4°C, and the supernatant was assayed for LPO assessed as malondialdehyde and 4-hydroxynonenal. LPO levels in the lenses are expressed as pmol/mg protein. DLPO was calculated by the following equation (Eq. 1): (1) The effect of H 2 O 2 stress on the lens is represented by the defense point (DP, mM) and reactive constant (K s , mM
Ϫ1
). The DP and K s for LPO generation was analyzed according to following equation (Eq. 2): (2) treated lenses were assessed as inorganic phosphorus liberated from ATP. Briefly, the lenses were homogenized on ice, and hypotonic buffer (10 mM mannitol, 5.75 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 6.25 mM Tris base, pH 7.4) was added to the homogenates. One hundred-twenty five microliters of solution A (standard solution (200 mM KCl, 100 mM HEPES, 10 mM MgCl 2 , 2 mM ethylene glycol tetraacetic acid (EGTA), 2 mM ATP) and 2.2 mM CaCl 2 , pH 7.4) with or without 1 mM thapsigargin, a specific SERCA inhibitor, was added to each sample (125 ml), and the samples were incubated for 1 h at 37°C for the measurement of SERCA activity. For the measurement of PMCA activity, 125 ml of solution B (standard solution and 1 mM thapsigargin, pH 7.4) with or without 2.2 mM CaCl 2 was added to each sample (125 ml), and the samples were incubated for 1 h at 37°C. The reactions were stopped by the addition of trichloroacetic acid, the tubes were centrifuged at 5000 rpm for 10 min at 4°C, and the absorbance of the supernatants was measured (660 nm). SERCA and PMCA activities were calculated as the difference in phosphate liberation measured in the presence and absence of Ca 2ϩ and/or thapsigargin.
28)
DSERCA and DPMCA (the inhibited activities) were calculated by the following equation (Eq. 3):
The effect of H 2 O 2 stress on the lens is represented by the DP (mM) and K s (mM
Ϫ1
). The DP and K s for the DSERCA and DPMCA were analyzed according to the following equation (Eq. 4): (4) Measurement of Ca 2؉ ؉ Content The lenses were homogenized in phosphate-buffered saline (pH 7.4) on ice, centrifuged at 15000 rpm for 30 min at 4°C, and the Ca 2ϩ concentrations of the supernatants were measured by the methyl xylenol blue colorimetric method using a Ca Test Kit (Wako, Osaka, Japan) and CL-770 (Shimadzu Corp., Kyoto, Japan).
Measurement of Catalase Activity The lenses were homogenized in 50 mM potassium phosphate containing 1 mM ethylenediaminetetraacetic acid (EDTA) (pH 7.0) on ice. The homogenates were then centrifuged at 10500 rpm for 15 min at 4°C, and the catalase activity in the supernatants was determined using a Catalase Activity Assay Kit (Cayman, MI, U.S.A.). The method is based on the reaction of the enzyme with methanol in the presence of an optimal concentration of H 2 O 2 . The formaldehyde produced is measured colorimetrically with 4-amini-3-hydrazino-5-mercapto-1,2,4-triazole (Purpald) as the chromogen. Purpald specifically forms a bicyclic heterocycle with aldehydes, which upon oxidation changes from colorless to a purple color. That can be measured at 540 nm. 29, 30) Measurement of Glutathione Peroxidase Activity The lenses were homogenized in 20 mM Tris buffer containing 5 mM EDTA and 1 mM dithiothreitol (pH 7.5) on ice. The lens homogenates were centrifuged at 15000 rpm for 10 min at 4°C, and the supernatants were used for measurements of total glutathione peroxidase (GPx) activity. GPx concentrations in the supernatant were determined by an adaptation of the method of Paglia and Valentine 31) using a Glutathione Peroxidase Assay Kit (Northwest Life Science Specialties, LLC, WA, U.S.A.).
Measurement of Glutathione and GR Activity The glutathione (GSH) contents in the lenses were determined by the method of Lou et al. 32) Determinations were made using 10 lenses. The glutathione reductase (GR) activity was determined by following the oxidation of reduced nicotinamide adenine dinucleotide phosphate (NADPH) to NADP ϩ during the reduction of oxidized glutathione (GSSG). The main reagent was prepared by combining 18 ml of KH 2 PO 4 buffer (139 mM KH 2 PO 4 , 0.76 mM EDTA; pH 7.4) and 2 ml of NADPH (2.5 mM). The sample (20 ml of lens homogenate plus 20 ml of KH 2 PO 4 buffer), 220 ml of the main reagent, and 5 ml of flavin adenine dinucleotide (315 mM) plus 10 ml of KH 2 PO 4 buffer were added to a cuvette, and the absorbance at 340 nm was monitored for 200 s (step A). Then, 30 ml of GSSG (22 mM; Sigma G-4376) plus 10 ml of KH 2 PO 4 buffer were added to start the reaction and the absorbance was followed for 175 s (step B). The final reaction volume was 315 ml. The difference in absorbance per minute between steps B and A was used to calculate the enzyme activity using a molar absorbance for NADPH at 6.22ϫ10 3 l/mol/cm. The units are mmol of NADPH oxidized/min. 33) Measurement of Protein The protein levels were deter-
mined according to the method of Bradford 34) using a BioRad Protein Assay Kit (Bio-Rad Laboratories, Hercules, U.S.A.) with bovine serum albumin as the standard.
Statistical Analyses All data are expressed as meanϮ standard error (S.E.). Unpaired Student's or Aspin-Welch's ttests were used to evaluate statistical differences, and multiple groups were evaluated by one-way analysis of variance followed by Dunnett's multiple comparison. p values less than 0.05 were considered significant. The numbers of experiments performed in duplicate are given in the figure legends. Figure 1 shows the LPO levels in the lenses of normal and ICR/f rats treated with 0-100 mM H 2 O 2 , and Table 1 shows the effects of DDC on LPO levels in the lenses of normal and ICR/f rats treated with H 2 O 2 . LPO levels in the lenses of normal and ICR/f rats were enhanced by increasing H 2 O 2 concentrations, and the levels in ICR/f rat lenses were higher than those in normal rats at low H 2 O 2 concentration. LPO levels in the lenses of ICR/f rats treated with 30 mM H 2 O 2 solution were significantly higher in comparison with those of ICR/f rats without H 2 O 2 stress. On the other hand, the pretreatment with DDC attenuated the increase in LPO levels in the lenses of normal and ICR/f rats treated with H 2 O 2 ( Table 1) .
RESULTS AND DISCUSSION
Changes in LPO Levels in the Lenses of Normal and ICR/f Rats after in Vitro Treatment with H 2 O 2
It is known that lenses in organ culture develop cataracts when they are exposed to increased H 2 O 2 levels, 17) and that elevated H 2 O 2 levels represent a typical biochemical parameter for cataracts 15) that correlates well with the oxidation of overall cataractous lens components. Our previous in vivo study also showed that an increase in LPO and lens opacification takes place in the lenses of 77-d-old ICR/f rats, and that the instillation of DDC, a potent radical scavenger, 35) attenuates the increases in both LPO levels and lens opacification. 24) These results and reports indicate that the LPO production in this study was caused by radicals induced from H 2 O 2 , and that the mechanism of LPO production following in vitro H 2 O 2 stress may be similar to that that occurs under in vivo conditions. Furthermore, the LPO levels in the lenses of ICR/f rats treated with a high concentration of H 2 O 2 (100 mM H 2 O 2 ) were similar to those in normal rat lenses (Fig. 1) . This suggests that the lipid composition related to LPO production does not differ between normal and ICR/f rat lenses. Figure 2 shows the catalase activity (A), GPx activity (B), GSH content (C) and GR activity (D) in the lenses of normal and ICR/f rats. The catalase activity in the lenses of ICR/f rats is similar to that in normal rats, while the GSH content, and GPx and GR activities in ICR/f rat lenses are significantly lower than those in normal rats.
The result in Fig. 1 shows that the LPO levels in ICR/f rat lenses treated with 30 mM H 2 O 2 were significantly higher than those in ICR/f rat lenses without H 2 O 2 treatment, and an in- Catalase activity and GPx activity were measured using a Catalase Activity Assay Kit and a Glutathione Peroxidase Assay Kit, respectively. GR activity was determined by following the oxidation of NADPH to NADP ϩ during the reduction of GSSG. Open columns, normal rat; closed columns, ICR/f rat. The data are presented as meansϮS.E. of 5-10 independent rat lenses. * pϽ0.05 vs. normal rat.
crease in LPO levels in ICR/f rat lenses was observed at low H 2 O 2 concentration-treatment that had a little affect on LPO levels in normal rat lenses. These results show that the sensitivity of ICR/f rat lenses to H 2 O 2 is higher than that of normal rat lenses.
Changes in SERCA and PMCA Activities in the Lenses of Normal and ICR/f Rats after in Vitro Treatment with H 2 O 2 Figures 3 and 4 show the SERCA (Fig. 3) and PMCA (Fig. 4) activities in the lenses of normal and ICR/f rats treated with H 2 O 2 . The SERCA activity in the lenses of normal and ICR/f rats decreased after treatment with H 2 O 2 , but the SERCA activity in the lenses of normal rats began to fall after the treatment with 40 mM H 2 O 2 , while the SERCA activity of the lenses of ICR/f rats fell in response to 30 mM H 2 O 2 treatment. The PMCA activities in normal and ICR/f rat lenses dropped rapidly after treatment with 30 and 70 mM H 2 O 2 , respectively. Tables 2 and 3 show the effects of DDC on SERCA (Table 2 ) and PMCA (Table 3 ) activities in the lenses of normal and ICR/f rats treated with various concentrations of H 2 O 2 . The changes in both activities were attenuated by pretreatment with DDC. In addition, the Ca 2ϩ content in the lenses of normal and ICR/f rats treated with H 2 O 2 solution containing Ca 2ϩ increased, and this increase was also decrease by the treatment with 100 mM DDC (Table 4) .
Furthermore, treatment with 1 mM thapsigargin had no influence on LPO levels in the lenses of ICR/f rats (Saline treated ICR/f rat, 2.59Ϯ0.46; thapsigargin treated ICR/f rat, 2.68Ϯ0.50 pmol/mg protein, meanϮS.E., nϭ4). It has been reported that lipid peroxidation increases lipid order, 36) which inhibits SERCA 37) in the human lens. The PMCA function is influenced by changes in lipid composition. 38) In addition, Babizhayev 39) reported that lipid peroxidation causes the oxidative inhibition of Ca 2ϩ -ATPase in several tissues including the lens, and induces an increase in membrane permeability to Ca 2ϩ . Ahuja et al. 23) reported that the mechanism of Ca 2ϩ -ATPase inhibition is likely not via a secondary process involving oxidation-induced lipid structural changes or the products of lipid oxidation. Taken together, the findings sug- Open circles, normal rat; closed circles, ICR/f rat. The data are presented as meansϮS.E. of 3-5 independent rat lenses. The solid lines show fitting curves analyzed by using Eq. 4. The intercepts (arrows) and slopes of the fitting curves indicate DP (normal, 38 (Fig. 5) . Two parameters, DP and K s , obtained from above various biological responses vs. H 2 O 2 concentration-profile curves imply capacities and sensitivities to H 2 O 2 stress in rat lenses, respectively. The DPs for LPO, SERCA and PMCA in ICR/f rat lenses is lower than in normal rat lenses, and the DP values for SERCA are lower than for PMCA in both normal and ICR/f rats. In contrast to the results in DP, the K s for LPO, SERCA and PMCA in ICR/f rat lenses is higher than in normal rat lenses, and the K s values for PMCA are lower than for SERCA in both normal and ICR/f rats. In addition, the closed relationship of was observed between DP and K s for LPO, SERCA and PMCA. The DP and K s clarified the lowcapacity and hyper-sensitivity of ICR/f rat lenses to H 2 O 2 stress, and that the resistance to H 2 O 2 of SERCA is lower than that of PMCA. The present in vitro study partly supports the in vivo results of a dysfunction in Ca 2ϩ regulation in the lenses of ICR/f rats.
CONCLUSION
We demonstrate that the capacity of ICR/f rat lenses to H 2 O 2 stress is lower, and the sensitivity of ICR/f rat lenses to H 2 O 2 stress is higher than that of normal rat lenses. In addition, the resistance to H 2 O 2 of SERCA is lower than that of PMCA. We hypothesize that lipid peroxidation is caused by low-capacity and hyper-sensitivity to H 2 O 2 stress, and that enhanced lipid peroxidation inhibits both SERCA and PMCA activities, resulting in the dysfunction in Ca 2ϩ regulation observed in the lenses of ICR/f rats. The DP and K s provide useful information for clarifying resistance to various kinds of stress. 
